The coronal heating has remained a puzzle for decades since its observation in 1940. Several space missions have been planned to resolve this conundrum in the past and many more intend to target this issue in the future. The unfolding of this issue will not only advance the fundamentals of astrophysical science but also promise an improvement in space weather prediction. Its origin has been debated without complete convergence; the acoustic waves, magneto-hydrodynamic waves, and micro/nano-flares are the strongest candidates so far to explain the mystery of coronal heating. However, none of these processes significantly justifies the million-degree temperature of the solar corona and the problem remains unsolved to date. Here, we propose a new physical mechanism to explain the observed heating of the solar corona. The statistical energy created during the interaction of the spin magnetic moment of the plasma particles with the turbulent and continuously evolving coronal magnetic field could substantiate the observed million-degree coronal temperature.
The corona is the outermost layer of the Suns atmosphere, which can be observed as the thin white glow during a total solar eclipse [1] . The spectroscopic measurements in 1940 discovered that the temperature of the corona is up to million degrees [2] [3] [4] [5] . Even eight decades after this discovery, here is still no concrete theory that explains this shooting up of temperature. However, in light of the significant improvement in the last two decades in observations, theory, and computer simulations, researchers could explore this problem in a more thorough manner. In this journey, many theories based on various aspects have been proposed and discredited as none of them could completely substantiate the temperature reaching million degrees. The density of the corona is ∼ 10 8−9 cm −3 , which is much smaller as compared to the density of photosphere, i.e., ∼ 10 17 cm −3 . Therefore, the second law of thermodynamics does not permit the flow of heat from the photosphere to the corona which could elevate the coronal temperatures 200 − 300 times higher than the photosphere [6] . Thus, the question was raised that what causes coronal heating? The physical mechanism that can heat the corona to ∼ 10 6 K and accelerate the supersonic solar wind has not yet been identified conclusively. In fact, several conventional direct current (DC) and alternating current (AC) heating mechanisms have been proposed for coronal heating; however, none of them fully explains the observed features (see listed review articles and reference therein [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ).
In 1948, the first theory based on the acoustic (sound) waves was proposed to justify the coronal heating process [21] . It was suggested that the acoustic waves are generated during the granulation process in the photosphere, where convection would lead to pressure perturbations [22] . When these waves propagate into a relatively lower dense chromosphere and corona, and their amplitude would increase; ultimately the waves would steepen due to the nonlinearity in the wave propagation, which would then result in a shock wave formation. Finally, the dissipation of the shock waves would heat the chromosphere and corona. Even though the initial theory looked promising, the quantitative estimation of the flux of the acoustic waves failed to explain the observed temperature in corona [23] [24] [25] [26] .
Recent studies have explored the magnetic nature of the corona. It is observed that the plasma β (the ratio of thermal pressure to magnetic pressure) > 1 in the photosphere, whereas β << 1 in the corona and the active region of the chromosphere. Thus, it is believed that the magnetic field leads to the heating process. The primary assumption in these studies is that the magnetohydrodynamic waves, i.e., the fast mode and the slow mode (compressible mode), or the Alfvén mode (incompressible) are generated at the solar surface and propagate in chromosphere and corona [27] . The slow mode dissipates in the chromosphere like acoustic waves. However, the lower gradient of density decrease in corona does not allow amplitude growth for fast mode waves. Thus, these would propagate far up into the corona. Further, the nonlinearity would create shock waves, resulting in their dissipation. The Alfvén waves would dissipate through nonlinear wave-wave interaction [28] , the resonant absorption [29] or phase mixing [30, 31] .
However, the observational studies have found an acoustic wave flux of 10 4 erg cm −2 s −1 at the top of the chromosphere, which is far smaller than the energy flux that would be required for coronal heating. In ad-arXiv:2003.10326v2 [astro-ph.SR] 25 Mar 2020 dition, the coronal emission line suggests a very small wave amplitude [32, 33] . This implies that shock dissipation and reflection of the acoustic waves decrease their flux while propagating upward [34] . The measurements of non-thermal widths during the observation of coronal loops suggest only minor contribution (25 % or less) of Alfvén like waves [35] . Besides this, the nonlinear turbulent cascade is considered to be present in the photosphere [36] and chromosphere [37] , and it is certainly observed in the in situ solar wind [38] . Various scaling laws indicate their dissipation and heating rate, but the physical mechanism behind the heating has not been understood. The multiple dissipation mechanisms were proposed that include both collisional effects (heat conduction, viscosity, or resistivity) and collisionless kinetic effects (Landau damping, ion-cyclotron resonance, stochastic Fermi acceleration, Debye-scale electrostatic acceleration, particle pickup at narrow boundaries, and multistep combinations of instability driven wave growth and damping) [7] .
Another idea that has been proposed to explain the coronal heating relates it to X-ray emission from the Sun, however, it is dominantly controlled by the magnetic field or the rotation of the Sun via dynamo effects [39] . The X-ray observations unfold many events such as flares, micro-flares, nano-flares [40] [41] [42] . These flare events do not allow a significant build-up of nonpotential magnetic energy. Their power-law distribution suggests a common underlying process, which is believed to be the magnetic reconnection. However, these flare events can only provide at the most 20% of the energy required to heat the corona [43, 44] . Furthermore, the Sun sometimes generates highly twisted field lines in the form of filaments, flux ropes, and sigmoid-shaped cores of active regions. The magnetic twist in these regions may be considered as a reservoir of energy, but the rate of energy release from the reservoir is constrained by a requirement to conserve magnetic helicity [45] . Recently, a slightly different DC-type model has been proposed that is based on the additional magnetic reconnection at the chromospheric footpoints to induce the large-scale heating [44] .
There exist several theoretical models that describe plasma-heating mechanisms and are probably suitable for operating in the coronal environment. However, the output of these models has simply not been comparable to the observed data. Here, we propose a physical mechanism to explain the observations from a new perspective based on the interaction between particle spin magnetic moment and the randomly oriented (non-uniform) magnetic field.
The observations of the photosphere suggest it has a structure of very clumpy magnetic field that is concentrated into elemental flux tubes which further extend upward into the corona [46] [47] [48] . The photospheres evolving pattern caused by turbulent convection act upon the footpoints of strands. The translational motion tangle the strands about each other, whereas rotational motion twists them. Parkar (1972) proposed that the photospheric flows (slow footpoint motions) slowly stress the coronal magnetic field line in such a way that it becomes tangled, twisted, and braided [49] . To prevent infinite build-up of stress, the field lines must reconnect. The corona has a mixed polarity and at a particular location in corona, the magnetic reconnection process is either between open-open (bipolar), or open-closed (tripolar), or closed-closed (quadrupolar) magnetic field lines, thus making the magnetic configuration change continuously. Thus, the complex magnetic field inside corona is assumed to be randomly oriented and time-varying in nature.
The literature suggests that there are two fundamental heating processes in the time-varying magnetic field. As the plasma is diamagnetic, the first one is the textbook physics for charged particle motion in a slowly timevarying magnetic field with the assumption that the magnetic moment µ is invariant [50] , which gives
Here, v ⊥ is perpendicular velocity of the particle, δB is the change in the magnetic field during one period of particle gyration that raises the perpendicular kinetic energy of the particle. This method of plasma heating is known as adiabatic compression.
The second process is the one that has led to a technique used in a cancer therapy, namely magnetic nanoparticle hyperthermia (MNH), in which magnetic nanoparticles are delivered to a tumor and are then subjected to an alternating magnetic field (AMF) [51, 52] . Note that the magnetic materials heat via power loss through hysteresis when exposed to AMFs [53] . Depending on the frequency and magnitude of the AMF (generally, radio frequencies), energy is indiscriminately deposited to the tissues via Joule heating through induced eddy currents [54] . The fundamental process in MNH is the interaction of tiny magnets with time-varying magnetic fields.
Coronal heating is an impulsive process, which implies that the quantum mechanical features may be involved in the underlying physical mechanism. The coronal plasma dominantly consists of protons and electrons, which have intrinsic magnetic moments due to their intrinsic spin property (± 1 2 ) and electric charge. Therefore, there exist only two possible orientations for spin magnetic moments (for reference, ↑ up and ↓ down).
Initially, the spin magnetic moment of each particle is aligned with elemental magnetic field strands to minimize the statistical energy of the magnetic system. The magnetic reconnection process of mixed polarity, tangled, twisted, and braided magnetic field lines induces randomly oriented (disordered) coronal magnetic configuration and the same evolves continuously. The new in situ configuration of the magnetic field exerts a force on the spin magnetic moment of particles attached to the respective field line. The particles start responding to in situ configuration and flip their moments. From the first law of thermodynamics, ∆U = Q − W.
(2)
As the total energy of this magnetic system is conserved, i.e., ∆U = 0; therefore, the magnetic interaction energy (work done) is converted to heat energy, i.e., Q = W .
To estimate this energy associated with the inversion of magnetic moment of spin half particles, let us assume that 'N' particles are in contact with a heat reservoir at temperature T = 0 (the corona is in contact with interplanetary medium with no heat source; let us also neglect the heat transfer from chromosphere). For one ion, the textbook statistical physics gives the partition function ξ as ξ = all states of r e −βEr = e βµB + e −βµB .
(
For 'N' particles, the partition function Z will be,
The mean energy can be calculated as
here, 'µ' is the spin magnetic moment of a single particle and B is the change in the magnetic field i.e. change in direction (sign). The spin magnetic moment of the proton or electron is invariant. Thus, Equation 1 implies that the change in kinetic energy of each particle will be the mean statistical interaction energy genrated during magnetic moment inversion process, which is given as,
The kinetic theory of gases suggests,
Thus, the rise in temperature is
Recent studies have reported the magnetic field in corona as ∼ 1 − 2 G [55, 56] . For the sake of calculation, let us consider the magnetic field as 1 G; The estimation of the number of particles that respond to a given field is very crucial. It is understood that the plasma particle is electrostatically influenced by all of the other particles within its Debye sphere with a radius of Debye length. Similarly, it is assumed that the particle spin magnetic moment will be affected by all other particles within its gyroradius in 3 dimensions. Thus,
here, 'n' is the particle density in corona. To estimate gyroradius (r g ) following parameters have been used. Boltzmann constant K = 1.38 × 10 −23 m 2 kg s −2 K −1 , mass of the proton m p = 1.6 × 10 −27 kg, magnetic field B = 10 −4 T ; charge of proton q = 1.6 × 10 −19 ; The particle speed is estimated using v = (3KT /m) 1/2 . Here temperature is T = 4000 K, since particle entering in the corona comes from chromosphere. The gyroradius r = (mv ⊥ )/(qB) = 1.0173 m; Moreover, the number of particles participate in interaction 10 15 and assume that only 10 % of them flips their spin is, (N g ) = 4π 3 r 3 g × 10 14 = 4.41 × 10 14 . The proton spin magnetic moment is µ p = 2.79µ N , i.e., 1.41 × 10 −26 JT −1 , µ N is the nuclear magneton (µ N = 5.05 × 10 −27 JT −1 ). For T = 0, tanh( µB KT ) = 1, Substituting these values in the equation above gives
This value explicitly matches the order of coronal temperature. The output is highly dependent on the fraction of protons that actually participated in spin reversal process during the change in a magnetic field. The kinetic energy of the proton in corona is estimated as ∼ 1.72 keV, which will impart the thermal speed (v = 2 × K.E./m =∼ 881 km s −1 ). Although the gravitational inward pull on protons may be negligible, the magnetic rigidity will definitely oppose them to flow out of corona.
The electron magnetic moment is −9.284764 × 10 −24 JT −1 , i.e., approximately 658 times higher than the magnetic moment of the proton. But the gyroradius decrease by factor of 41.93. Thus, for the electrons of same effective density, the increase in kinetic energy due to the magnetic moment interaction is estimated as approximately 15.5 eV. This implies that the electron moves in a random direction with speed of 3.5 × 10 3 km/s. The particle (proton/electron) energy is enough to ionize heavy atomic elements. Further, the ionization and scattering processes may lead to the emission of extreme ultraviolet, ultraviolet, or X-ray domain radiation. In fact, few highly energetic electrons attempt to flow out from the complex magnetic field configuration of the corona. Note that the plasma beta is much less than 1, indicating frozen-in flux condition in corona [57] . Therefore, these escaping electrons attempt to drag the coronal magnetic field into the interplanetary space. The magnetic reconnection of such drag field generates open field line flow in the interplanetary space. The heavy ions attached to these outward magnetic field lines are slowly move out from the corona, giving rise to the solar wind. This physical process could be the origin of the solar wind. The initial leakages of few electrons reduce the initial electron density, which results in a decrease of the magnetic interaction energy. Thus, certain threshold of electron flux remains confined in the corona.
The above discussed process would also contribute to the heating process in the photosphere (close to active regions). The density in the photosphere is ∼ 10 17 cm −3 , and the magnetic field is ∼ 6250 G [58] . Thus, the proposed model estimated temperature rise contributed by proton flux near the active region would be ∆T =∼ 13 × 10 7 K. The approximately estimated value again corroborated the observations. During the reconnection process in the photosphere, the thermal speed gain by the electrons/protons is caused by interaction of their spin magnetic moments with change in in situ magnetic field configuration, may drag the magnetic field in the chromosphere and form the features like coronal loops.
To understand the proposed coronal heating model, it is assumed that the plasma particles are homogeneously distributed across the corona and the initial temperature is T 0 (same as the chromosphere). At a certain height above the chromosphere, the magnetic reconnection process between tangled and twisted field lines induces a continuously evolving and randomly oriented coronal magnetic field. Let us consider proton flux entering in this fluctuating coronal field at time t = 0. The magnetic interaction generates the heat power of 'P' per unit volume. This heat is continuously transferred to the coronal environment by conduction, convection, and radiation. Thus, the temperature distribution inside the corona is governed by the heat propagation equation with heat sources as [59] ρ c ∂T ( r, t) ∂t = k ∇ 2 T ( r, t) + P
where ρ, c, and k are the mass density, specific heat (J/g.K), and thermal conductivity (W/m.K), respectively. The solution of this differential equation may reflect temperature gradients across the coronal region and also have different temperature evolutions for different local regions. Considering ideal isoperibol condition and assuming linear losses between the sample and its environment, the heat power balance can be written as [59, 60] 
Here, C = c i m i is the heat capacity (J/K) and L is the coefficient accounting for heat losses. Note that the values of C, P , and L undergo significant changes with temperature. However, for coronal temperature, these parameters are considered as independent of T . In this case, the solution of the above differential equation is
where ∆T max = P/L and τ = C/L. When the heat generated becomes equal to the heat lost, the coronal temperature remains constant at the value of T max = T 0 + ∆T max . A similar hypothesis is proposed to explain the MNH process [60] .
The author would like to stress that the presented estimations are at first level approximation. The number of plasma particles that actually contribute to the collective statistical interaction energy and how many times they reverse their spin magnetic moment may be different than what we have considered. We conclude that the statistical energy generated during the collective interaction between spin magnetic moments of charged particles (plasma) with the randomly fluctuating and continuously evolving coronal magnetic field could be the underlying physical mechanism for the observed million-degree temperature of the corona and can also serve as a causal agent for the origin of the solar wind. The detailed observational, theoretical, and simulation studies are essential to verify this proposed first level approximation and to develop a more precise theory considering secondary and tertiary effects, which will further advance our present understanding and be applicable to the other branches of physics.
FIG. 1. The artistic demonstration of the solar atmosphere and corresponding temperature profile based on the above-discussed model with approximation (not to the scale). The chromosphere thickness is negligible compared to the other regions. Also, there is no specific boundary between an outer layer of corona and solar wind. However, it is displayed to map with model output (with arbitrary input parameter and knowledge of the maximum temperature of the corona) with the region of the solar atmosphere. The Sun is the source of all the particles. Thus, the particles present in the inner layer spend less time there as compared to the next subsequent layer of the solar atmosphere and so on. Therefore, it is assumed that the unit volume of space of each layer along the single line of the solar atmosphere represents their time evolution from inner to the outer layer. So the given temperature-time evolution profile could be compared with the temperature height profile presented in the literature. Surprisingly, both the trends are similar in coronal region. One can select the appropriate parameters to overlap the profile.
The temperature-height profile shows a small rise in temperature for some range of height just before the temperature spike. This could be caused by the heat transferred by conduction, convection, and radiation from the actual heated region of corona, but it is not possible to observe this in temporal evolution.
